I. INTRODUCTION
Ferroelectric thin films usually form domains that minimize the total free energy of the system. The domain evolution with external stimuli (e.g., thermal, electric field, strain) has a profound impact on the dielectric permittivity, piezoelectric response, and polarization switching behavior. 1 In addition, recent studies have shown that domain walls themselves can possess additional functionalities (e.g., electric conductivity 2,3 and enhanced magnetization 4 ) and have the potential to exhibit other interesting effects. [5] [6] [7] Therefore, it is important to deterministically control the domain evolution with external stimuli in ferroelectric thin films. Among ferroelectrics, BiFeO 3 has been extensively studied because of its room temperature multiferroicity with potential applications in nanoelectronic and spintronic devices. 8 Detailed studies have reported that large compressive strains can induce a morphotropic phase boundary (MPB)-like behavior and create large piezoelectric responses in BiFeO 3 films. [9] [10] [11] [12] [13] [14] [15] Multiple low-symmetry phases, including monoclinic M C , M A , and two tilted triclinic (R and T ) phases have been revealed in BiFeO 3 films grown on LaAlO 3 (001) substrates. 16, 17 On the other hand, strain engineering has been extensively studied to control the domain structure of various epitaxial ferroelectric films, with most researchers focused on the mismatch of the lattice parameters. [18] [19] [20] In this article, the domain evolution behavior of mixedphase (monoclinic M C , M A , and two tilted triclinic R /T phases) BiFeO 3 films grown on a LaAlO 3 substrate are systematically and quantitatively examined by employing a synchrotron-based X-ray diffraction three dimensionalreciprocal space mapping (3D-RSM) technique. 17 It is found that along the in-plane pseudocubic [100] and [010] axes, biaxial anisotropy exists in the temperature-dependent evolution of the BiFeO 3 ferroelectric domains. The biaxial anisotropic behaviors are attributed to the in-plane uniaxial shear-strain σ s , which is believed to modulate the transition pathways between the R , T , and M A domains. This interpretation is further supported by the domain evolution behavior of BiFeO 3 films epitaxially grown on tetragonal (001)-LaSrAlO 4 substrates in which no anisotropy was found. Our results reveal that modulating the shear-strain is an effective approach to engineer the domain structure and its evolution.
II. EXPERIMENTS
A. Thin film growth and microscopy characterizations Epitaxial, BiFeO 3 , thin films were grown on LaAlO 3 (001) and LaSrAlO 4 (001) single crystal substrates (CrysTech GmbH) using pulsed laser deposition (PLD) (KrF excimer laser, λ= 248 nm) with a stoichiometric ceramic target of Bi 1.1 FeO 3 (MTI). The deposition temperature was maintained at 700 • C and the oxygen pressure was at 100 mTorr. After the deposition, the films were cooled to room temperature at a rate of 5 • C/min in oxygen at 760 mTorr. The thickness of the BiFeO 3 films was 50 nm on both the LaAlO 3 and LaSrAlO 4 . The BiFeO 3 /LaAlO 3 (001) samples with qualified LaAlO 3 ferroelastic domains were carefully checked using an OLYM-PUS BX51 polarizing optical microscope in transmission mode. Atomic force microscopy (AFM) and piezoresponse force microscopy (PFM) were performed with a Bruker Dimension Icon microscope and Cypher scanning probe microscope, respectively.
B. Synchrotron three-dimensional x-ray reciprocal space mapping experiments
The 3D-RSM experiments were performed at the 11-ID-D and 12-ID-D stations of the Advanced Photon Source (APS) located at Argonne National Lab. The synchrotron photon energy was 13.14 KeV (λ= 1.0598 Å). During the measurements, an area detector (Pilatus100k) was fixed at certain 2θ positions (BiFeO 3 /LaAlO 3 003 peak: 42.2 • ; BiFeO 3 /LaAlO 3 -104 peak: 60.7 • ; BiFeO 3 /LaSrAlO 4 002 peak: 29.3 • ) and the sample was moved along the θ-axis. Thus, a series of 2D diffraction patterns were collected in sequence. Then, Matlab programs were used to reconstruct the 3D diffraction patterns in reciprocal space using these 2D diffraction patterns. All diffraction patterns are presented in the reciprocal units of the utilized substrates (LaAlO 3 and LaSrAlO 4 ).
III. RESULTS AND DISCUSSION
A. Epitaxial BiFeO 3 films structure studies
It has been shown that annealing treatments reconstruct the ferroelastic domain structure of LaAlO 3 substrates. 29 If the resulting domains are random, the shear-strain effect is averaged and cannot be detected. The initial step in studying the intrinsic uniaxial shear-strain effect in mixed-phase BiFeO 3 films is to eliminate the unqualified BiFeO 3 /LaAlO 3 samples in which the LaAlO 3 ferroelastic domains are random. This step was performed by employing the transmission mode during a polarizing microscope analysis (see The uniaxial σ s and M C + R /T mixed-phase domain structure enabled investigating the ferroelectric domain evolution while modulating the shear-strain. Thus, in-situ temperature-dependent 3D-RSM measurements were performed on the BiFeO 3 /LaAlO 3 films from the room temperature mixed-phase state to the as-deposited high-temperature single phase state (Figs. 1(e)-1(f). See Figs. S2 and S3 for details). Taking the 3D-RSM results at 30 • C (Fig. 1(e) ) as an example, the splitting of the diffraction patterns corresponds to the mixed-phase domain twins in real space (see Figs. S2 and S3 for details). At L = 2.75, the eight split diffraction spots represent the domain variants of the R phase. The R phase domains that tilt along the ±H00 (//σ s ) and ±0K0 (⊥σ s ) axes are denoted as R // and R ⊥ (labeled in Fig. 1(e) ). Similarly, the diffraction spots at L = 2.45 represent the tilt domain variants of the T phase. The diffraction tails extend from R to the T diffraction spots and reveal the twin relationship of the adjacent R /T domain. Consistent with previous temperaturedependent diffraction studies, the BiFeO 3 /LaAlO 3 films experienced a sequence of phase transformations as the temperature increased: Fig. 1(f) .
B. Shear-strain-modulated biaxial anisotropic ferroelectric domain evolution behavior Fig. 2(a) ) and R ⊥ /T (Fig. 2(b) ). Although the T phase shows no anisotropic behaviors, the difference between the temperature-dependent evolutions of the R // and R ⊥ phase domains are obvious. So, the diffraction spots of R // and R ⊥ were analyzed and are presented in Figs. 
2(c)-2(e).
The results reveal the significant biaxial anisotropy of the temperature-driven evolution for both domain volume ratios (normalized diffraction intensity), domain tilt angles, and the interfacial strains at the R /T domain wall. Firstly, the normalized intensity of the diffraction spots indicates that the R ⊥ disappeared much faster than the R // . For example, when the temperature increased from 30 to 200 • C, approximately 60% of the R // still existed while only about 15% of the R ⊥ remained (Fig. 2(c) 
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R ⊥ domains show different evolution tendencies. Figure 2(d) shows that the domain tilt angle of the R // increased abruptly above 130 • C. In contrast, the domain tilt angle of the R ⊥ remained nearly the same during the phase transition. Thirdly, the interfacial strain at the R /T domain wall was also analyzed ( Fig. 2(e) ). The out-of-plane lattice mismatch strain is defined as c R /c T -1, where c R (c T ) is the out-of-plane lattice parameter of the R (T ) phase. It was observed that the interfacial strain in the R // domains increased quickly above 130 • C, while the interfacial strain in the R ⊥ domains decreased gradually. The above analysis demonstrates a significant in-plane anisotropy for the BiFeO 3 ferroelectric domain evolution.
C. Shear-strain-modulated transition pathways
Further calculations were performed to understand how the uniaxial shear-strain σ s modulates the anisotropic ferroelectric domain evolution behavior of a mixed-phase BiFeO 3 film. Our results reveal that the shear-strain σ s modulates the transition pathways of the M C (transforms into M A at 90 • C) + R /T mixed-phase domains. Previously, it has been shown that the mixed-phase domains are composed of two phase transition pathways: (1) the transition between the R and T' phases; 32 and (2) the transition between the R and M A phases. 31 The transition pathway-2 requires a minimal domain tilt (in-plane domain distortion ≈ 0.3 • , see Fig. S4 for details) while a relatively large distortion/tilt is needed for the transition pathway-1. The transition pathway-1 is accompanied by the domain wall shifting from T into R with lower inclined domain wall angles (from 34 • to 24 • during the transition). 11 A previous high-resolution transmission electron microscope (HTEM) analysis revealed a remarkable epitaxial relationship between adjacent R and T domain twins, although the out-of-plane lattice mismatch reached up to 12%. 32 Therefore, there should exist a geometrical relationship 33 between adjacent R /T domain twins for the transition pathway-1.
As shown in Fig. 3(a) , the periodic R /T domain twins form an extended domain stripe. The periodic structure shows that the changes of the saw-toothed R /T domain stripe could be described as a fluctuating triangle, which is labeled in Fig. 3(b) . The fluctuating triangle determines the geometrical structure of the R /T domain twin 33 (Fig. 3(c) ), which is based on the epitaxial relationship between adjacent T and R phases. 9, 33 As shown in Fig. 3(d) , the epitaxial lattice requires the geometrical polygon relationship (labeled as the blue polygon in Fig. 3(d) ) between the lattice layer of the T and R phases,
where c R (c T ) is the out-of-plane lattice of the R (T ) phase, θ R (θ T ) is the domain tilt angle of the R (T ) domains, and α is the angle between the domain wall and the substrate (labeled in Figs. 3(c) and 3(d)). Thus, (2) where µ = c R /c T . Using the parameters obtained at 30 • C (θ R = 2.6 • , θ T = 1.5 • , and µ = 4.66Å/4.17Å), α was calculated to be 33.6
• . This result is consistent with previous HTEM results 11 (∼34 • ), which confirms the effectiveness of the geometrical model. Subsequently, we further calculated the domain widths for the R and T phases (Fig. 3(c) ),
where h is the height of the fluctuating triangle, and w R and w T are the domain widths of the R and T phases, respectively (labeled in Fig. 3(c) ). Therefore, the evolution of the R phase through transition pathway-1 (between R and T phases) can be calculated,
where V R (V T ) is the domain volume of the R (T ) phase, S R /T is the cross-sectional area of the R /T domain stripe, and P R is the domain proportion of the R phase in the R /T domain twin. Finally, the proportion of the R phase that transforms through transition pathway-1 (between R and T ) can be calculated (the values of all used parameters are labeled in the supplementary material Table 1 ). By comparing these calculated P R' with the experimental results (Fig. 2(c) ), we evaluated the ratios of R // and R ⊥ that transform through the two transition pathways. The obvious discrepancy shown in Fig. 4(a) indicates that the uniaxial shear-strains indeed modulate the transition pathways of the R phase: (1) R // transforms through both pathways with the increasing temperature (27% pathway-1 + 15% pathway-2); and (2) the R ⊥ primary goes through transition pathway-2 (between R and M A ), thus transforming mostly into the M A phase (10% pathway-1 + 74% pathway-2).
If we consider the relative direction between the ferroelectric polarizations of the R phase (P H00 for R // and P 0K0 for R ⊥ ) and the shear-strain σ s , we find that P H00 ∼//σ s and P 0K0 ∼⊥σ s (Fig. 4(b) ). The strong coupling between the shear-strain and the ferroelectric polarization allow the shear-strain to modulate the rotation of the quasifree polarization towards the diagonal (M A phase) or away from it (T phase). 26 Thus, the shear-strain modulation is consistent with previous theoretical results: the shear-strain modulates the tetragonal phase ferroelectric domains into orthorhombic, Mc, or M A phase domains, and the associated ferroelectric polarizations are rotated by the vertical shear-strain. 34 
D. Study of BiFeO 3 /LaSrAlO 4 3D-RSM results
To further verify the observations in the previous section, mixed-phase BiFeO 3 epitaxial films grown on tetragonal symmetric substrates were fabricated and measured. The experimental results from a 50-nm-thick BiFeO 3 film grown on (001)-LaSrAlO 4 (tetragonal phase, a = b =3.75Å, c = 12.6 Å) are presented in Figs. 5(a)-5(c) . The AFM image indicates the typical surface morphology of a mixed-phase BiFeO 3 that consists of M C + R /T ferroelectric domains 10 ( Fig. 5(a) ). The 3D-RSM results reveal a typical M C -M A -T phase transition sequence as the temperature increased (see 
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Figs. S5 and S6 for details). Interestingly, further obtained temperature-dependent evolutions of the R phase domains that tilt along the H00 and 0K0 axes (denoted R H00 and R 0K0 ) are both similar to the R // domains in the BiFeO 3 /LaAlO 3 films ( Fig. 2(d) ), and no biaxial anisotropic behaviors were observed (Figs. 5(b) and 5(c) ). This unambiguously demonstrates that the interfacial shear-strain is the origin of the anisotropic domain evolution behavior in the BiFeO 3 /LaAlO 3 system.
IV. CONCLUSIONS
Our study demonstrates that by taking the intrinsic crystal symmetry of a substrate as the variable, ferroelectric domains could be engineered to reveal the anisotropic domain evolution process through modulation of the in-plane interfacial shear-strain. Our quantitative synchrotron X-ray diffraction 3D-RSM results reveal that the domain volume, domain tilt angle, and interfacial strain at the domain wall of the mixed-phase (M C + R /T phases) BiFeO 3 films exhibit biaxial anisotropic evolutionary behavior. These behaviors could be attributed to two phase transition pathways (R -T and R -M A ), which are strongly modulated by the uniaxial shear-strain field that originates from the symmetry mismatch between the LaAlO 3 substrates and BiFeO 3 films. This conclusion was further supported by comparing the BiFeO 3 epitaxial films grown on tetragonal LaSrAlO 4 substrates in which no biaxial anisotropic evolution behaviors were observed. Our work clearly demonstrates that shearstrain effect can be an effective tool to manipulate the ferroelectric domain structure to employ new properties and functionalities. 
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